INTRODUCTION
The use of fibre reinforced composite structures is currently limited by their high cost of production and their poor resistance to damage. Using well-developed textile weaving technologies, structural preforms may be produced with an architecture in which the orientation of fibres at any point is not restricted to a plane. A liquid molding process may then be used to impregnate the preform with resin. The production of such preforms can be a highly automated process and this technique has the potential to produce low cost, reliable composite structural components of complex shapes. Because of the three-dimensional nature of the fibre architecture, such structures are less prone to delamination and their impact resistance is increased significantly. The resulting increase in the design allowables, together with the automatic manufacturing process, could remove barriers to the use of composite structures in many applications.
Over recent years, much work has concentrated on investigating the improved resistance to impact damage and the improved residual strength of panels from multilayer woven preforms /1-3/. It has, however, been shown that the inplane properties of multilayer woven structures are inferior to those of equivalent structures made from tape; this is due to crimping of the fibres, resin rich areas due to the weave design and possibly because of damage to the fibre tows during the weaving process /1-6/. For aerospace applications, the decrease in strength in itself is not a great concern because the design allowables are normally determined by the compression-after-impact (CAT) strength. The decrease in stiffness due to fibre crimping may therefore be important where stiffness is the critical design parameter. The design of suitable woven preforms for composite components will therefore need to take these factors into account.
A very large variety of three-dimensional fibre architectures can be produced by weaving. Not all of these fibre arrangements will be suitable, as an increase in the percentage of fibres in the thickness direction will lead to a decrease of the in-plane mechanical properties of the composite. The pressure applied during consolidation and molding also changes the fibre architecture 111 and this must be taken into account when designing a woven preform for a structural application. This need -to design a preform fibre architecture which will not distort detrimentally during the consolidation process and which will produce a composite structure with the required mechanical properties -makes it necessary to understand each step of the manufacturing process and its effects on the fibre architecture. The influence of weaving and consolidation parameters upon the fibre orientation must be quantified in order to design and manufacture successful composite structures.
To aid in this analysis, computer graphics programs can be used to construct geometric models of the fibre architecture. These models can be built up from a series of cross-sections of the composite material. This allows visualisation of the three-dimensional structure of the weave and therefore can demonstrate the effect upon the structure of any change in the manufacturing process or preform design. These models can also provide geometric data such as the distribution of fibre orientation or fibre volume fraction. This data could then be used to model the mechanical behaviour of the composite component.
This paper considers the effects of weave design, weaving parameters and consolidation pressure on the fibre architecture of the consolidated structure. Designs of up to 11 layers, made from multifilament polyester and glass, are discussed. Geometric modelling of the multilayer woven preforms is also briefly described and examples given of the data that can be obtained from the three-dimensional models.
PREFORM MANUFACTURE AND SAMPLE PREPARATION
In spite of the extremely large variety of multilayer weaves that it is possible to design, the number of manufacturing methods is limited. The production of these types of structures represents a complex textile engineering effort and involves the use of a weaving loom to the limits of its capabilities. Multilayer preforms were produced using multifilament polyester and glass. A schematic diagram of the generic architecture is shown in Figures la and lb. Non-interlaced warp and weft yarns were linked by orthogonal and interlayered weft binders incorporated at regular intervals. This was easily achieved with the hand loom. The binders were typically one third the weight of the warp and weft yarns. Using weft binders rather than warp binders allowed weaving from a single warp beam which permitted variation in binder spacing and time reduction due to the simplicity of the process.
Multilayer preforms for the present study were manufactured from:
• Ε-glass roving (600 tex) on a 24 shaft hand loom with a Dobby control, 1200 mm wide. Architectures were constructed with 6 layers of warp yarns in a variety of binder thread configurations and stuffer yarn densities.
• Polyester (600 tex) on a Dornier production loom (Computer Controlled Jacquard, 1800 mm wide). These polyester preforms were manufactured as a demonstration of the ability of standard industrial machinery to weave these types of structures.
Following preform manufacture, samples of the fabric were cut out and molded into composite panels at a range of consolidation pressure. To examine the fibre architecture directly after weaving, the preform was wet-out with epoxy resin (Ciba-Geigy GY260) by hand and then cured at 80°C without applied consolidation pressure. Although this produced a composite with a high degree of porosity, this procedure was sufficient to allow examination of the architecture without significant fibre distortion from the consolidation process. Other samples of fabric were consolidated at 80°C in a resin infusion process using the same resin. Different consolidation pressures were used in order to examine their effect upon the fibre architecture. Six different sections were taken from each consolidated structure, three each in the warp and weft directions. Figure 1 illustrates the locations of the sections taken.
These sections were polished and examined under a Reichhardt optical microscope.
EFFECT OF DESIGN AND MANUFACTURING VARIABLES
The following design and process variables were examined: binder pattern, binder tension and compaction pressure. The effects of the variables on the fibre architecture are discussed below with reference to a section of photomicrographs of preform crosssections.
Design
The variables in textile multilayer weave design are indeed abundant but actual implementation of many of these designs is restricted by hardware configurations of the manufacturing process. The weave designs presented in this paper involved the maximum use of the capabilities of a weaving loom. An identification code comprising five fields, e.g., AB-2-4-3.2, was allocated to each architecture, as defined in Table 1 .
Geometry
The geometry of the binder yarn was found to play an important role in the final preform architecture. Figures 4a and 4b show two of the binder patterns under the Β geometry (interlayered) configuration for glass preform with 11 layers (magnification χ 10). Referring to Figure 1 , A -the binder thread and its reverse are woven in one after the other, Β -the binder and its reverse are separated by stuffer weft yarns, and C -similar to Β but with the reverse binder offset in the west direction.
Multilayer glass and polyester preforms were woven with the three binder patterns previously mentioned, A, Β and C, and compacted under 100 psi (689 kPa). thus cause the formation of resin-rich areas. It is possible that these resin areas could lead to a degradation in the mechanical properties of the composite due to the formation of microcracks. The C binder pattern was developed in an attempt to counteract this warp collimation. Figure 7 demonstrates that the C pattern does indeed lead to a more uniform distribution of warp yarns along the width of the preform, thus minimising the size of the resin-rich areas. In all binder patterns the weft yarns were observed to be relatively uncrimped. The Β and C binder patterns were also examined with the warp yarns in the plane of the page. In this direction the Β pattern is observed to produce an excellent preform with uncrimped warp yarns and tight packing of the weft yarns. These attributes are desired when trying to de- effect on the bunching and crimping of warp yarns. From the work done, it appears essential that a reliable and efficient method of applying warp tension be developed. The alternative to weaving of a beam is to weave from a creel, in which each warp yarn has individual yarn tensioning. This adds to the size and complexity of the weaving operation and thus would add significantly to the cost. Weft tension has a strong effect on warp crimping. Figure 8 is a cross-section of glass structure AB 2-8-9.2. The binder was inserted so as to leave no slack and thus produce a high binder tension during weaving. The weft was beaten up to the maximum density possible for this preform, resulting in a binder spacing of 9.2 mm.
The micrograph shows that there is a significant amount of warp yarn crimping in this structure. Figure  9 shows a similar structure; however, here slack was left in the binder on insertion, leading to a lower weft tension. The result was a higher weft packing density (3.9 mm between binders), a thicker preform, and significantly less weft crimp. This improvement in preform architecture should lead to improved mechanical properties of the composite. There are some indications sign a structure that will have high in-plane strengths. In comparison, the C binder pattern produced a preform that had reduced weft packing and a slight crimp in the warp yarns. It would be expected that these factors would lead to a lowering of the in-plane strength of the composite. However, this must be balanced against the smaller resin-rich areas of the C pattern. Therefore, mechanical testing must be used in conjunction with preform design to determine the optimum preform architecture for a composite structure.
Warp and Weft Tension
All of the preforms presented in this paper were woven from a beam at the back of the loom on to which the warp yarn supply is wound (a warp beam). This method decreases the size and complexity of the weaving loom but decreases the degree of control you have on individual warp yarns. In particular, maintaining uniform warp tension was found to be difficult because of the high stiffness of the glass yarn. This led to nonuniformities in the weave across the width of the preform. Variations of as little as 20% in warp tension led to significant changes in structure, with particular that the effect of weft tension upon preform architecture is far less for higher warp tensions.
A weave structure with straight warp and weft yarns and with a uniform distribution of fibres would be expected to have the best mechanical properties. By this criterion, the most successful glass structure is observed to be the one with a C binder thread and a low binder tension (see Figure 10 for the Β binder effects and Figure 7 for that of the C binder). Further information on the effects of the manufacturing and design variables can be obtained from reference 111. kPa) and 100 psi (689 kPa). Figures 11 and 12 illustrate the effect of compaction pressure upon the structure of a glass preform.
These sections were cut so the weft tows are in the plane of the page and they demonstrate how the warp tows are progressively flattened as the pressure increases.
With the polyester and glass preform, the effect of increasing compaction pressure upon the weave architecture was found to be negligible beyond 60 psi (413 kPa). Figures 13a and 13b show the warp and weft 
Compaction Pressure
The preform, as woven by the loom, has a fibre volume fraction that is less than that required for aerospace components, ideally -60%. It must therefore be compacted during the liquid molding stage and this will distort the fibre architecture in the weave.
Samples of both polyester and glass multilayer woven preforms were consolidated by resin infusion without applied pressure and at pressures of 60 psi (413 cross-sections of a BB design (interlayered) preform compacted under 100 psi (689 kPa).
The effect of sinusoidal binder yarn can still be seen in the collimation of the warp yarn, preventing them from spreading evenly across the width of the preform (particularly in the outer warp layers) and leading to the formation of resin-reach wells. Comparing the micrographs of polyester with glass preforms (Figures  14a and 14b) , the warp yarns in the glass preform are observed to be relatively uncrimped. This is thought to be due to the increased density of warp yarns, which support and position the weft yarn to a much greater extent than in the polyester preforms for the entire compaction pressure range.
COMPUTER MODELLING

Solid Modelling
The Computer Aided Three-dimensional Interactive Application (CATIA®) software was used to build up a three dimensional geometric model of the structures (CATIA is a registered trademark of Dassault Systems). The geometric model of the woven preform is based upon a unit cell geometry. By definition, a unit cell is the smallest geometric entity that when repeated in the χ and y directions will reconstruct the entire structure.
The solid modelling work was done on preforms with the orthogonal architecture. Figure 2a represents a unit cells of a multilayer woven structure with orthogonal binders.
In the 3D modelling of the unit cell all warp, weft and binder yarns were considered individually as solids. These solids were modelled assuming a fibre volume fraction within the yarn tow of approximately 76% and a fibre density dependent upon the material used.
Modelling of the solids representing the unit cell was performed from a number of cross-sections of the preform. For example, consider a warp yarn. The digitised closed contours of the solids were taken from images of the preform cross-sections normal to the warp. These boundaries were the basis for a CATIA face entity creation. The boundaries were then extruded along the warp axis, which was obtained from images of sections parallel to the warp. At present the input data is digitised from photomicrographs of sections similar to Figure 4 . Care must be taken to obtain appropriate geometric values, the ratio between the photo (paper), the digitiser area and the CATIA model unit. Work is in progress to transfer digitised images directly from the optical microscope to CATIA.
Visualisation
The resultant model of the architecture may be viewed in a three dimensional picture as in Figures 15a and b. During consolidation many changes occur in the structure and, as mentioned previously, the final fibre architecture has a large effect upon the mechanical properties of the composite material. Using CATIA software it is possible to visualise the preform architecture before consolidation (Figure 15a ) as well as after consolidation (Figure 15b) .
As can be seen in these figures, the binders tend to flatten on the outer surfaces but still keep a relatively straight orientation through the thickness. The packing density of the entire preform is increased, the thickness is reduced and the fibre tows flatten and spread. 
Data Generation
It is possible to obtain analytical data of the unit cell constituents, such as wetted surface area, volume, centre of gravity, moment of inertia along with the parametric coefficient of the generating curves using the CATIA software. The significance and importance of these properties are well expressed in references /9,10/.
If A k is the cross section area of solid k for a particular ζ value, the mathematical expression is:
where f k (x,y,z) = functional description of the yarn geometry in any two of the x, y or ζ directions.
The total volume for all w + f + b (warp + weft + binder yarns), V, ota i is
Multiplying the volume by density we obtain the Mass,
The real values for all these mass properties can be extracted from the CATIA mathematical subroutine. Figure 16 shows a comparison of warp yarn volumes in the compressed and uncompressed preform states at a number of positions across the unit cell. This figure shows that there is considerable variation in fibre volume among the various warp yarns within the unit cell of the uncompressed preform. The consolidation process compacts the warp yarns (hence reducing the volume) and spreads them more evenly across the unit cell. Figure 18 shows the fibre volume fraction of the preforms shown in Figures 15a and 15b . It demonstrates the possibility of obtaining high volume fraction (-52%) preforms directly after weaving. After consolidation the volume fraction is increased by 6% for this particular structure. Fibre volume fraction is directly related to the weaving parameters. Therefore, control of these weaving parameters will allow the preform fibre volume fraction to be varied in a controlled manner. Modelling the structure and understanding the effects caused by the various manufacturing steps make it possible to predict the changes of fibre volume fraction during the various processing stages. This permits more accurate selection of such structures that would yield the desired final fibre volume fraction and fibre architecture. The resin flow during the consolidation of the preform is determined by preform permeability. This is directly related to the fibre distribution and orientation, volume fractions of yarns within the preform and yarn wetted areas. The quality of the composite produced by the consolidation process can therefore be controlled by suitable variation of the preform architecture. This, together with control over the composite mechanical properties, is a major reason for predicting and controlling the preform architecture.
The work accomplished so far (further details of which can be obtained from reference /11/) has been used to visualise the yarn architecture in the preform (in the compacted and non-compacted structures). Further work is needed to develop the methodology to determine the fibre orientation within the yarns. This would then be used as an input to Finite Element Models to enable the analysis of the mechanical properties of the composite.
MECHANICAL TESTING
The photomicrographs presented in section 2 show that there are significant differences in fibre distribution in the warp and weft directions. This was also made evident from the results of the modelling (Figures 16  and 17 ) of the weft and warp yarn volumes in the compressed preform. The modelling revealed that on average within the unit cell there is a higher volume of glass yarn in the weft direction than in the warp (weft ~22 mm 3 , warp ~17 mm 3 ). This, together with the generally more even distribution of the weft yarns, suggests that a composite made with this preform should have superior mechanical properties in the weft direction.
Woven preforms of the type modelled in section 3 were consolidated with epoxy using an autoclave resin infusion technique at a pressure of 100 psi (689 kPa). Tension specimens measuring 250 mm χ 25 mm were cut from the composite panel in both the warp and weft direction and tested in an MTS machine at a displacement rate of 0.5 mm/min. Compression tests were also performed on warp and weft direction samples (25 mm χ 56 mm) in a modified IITRI (Illinois Institute of Technology Research Institute) compression rig. The results of these tests are given in Table 2 .
It can be seen that the weft direction properties of the composite are superior to those in the warp direction. This agrees with data obtained from the photomicrographs and the modelling of the fibre architecture via CATIA. These results demonstrate the need not only to understand the effect of the various manufacturing parameters on the final composite quality but also to model accurately the final fibre architecture so that prediction of the composite's mechanical properties can be obtained. These predictions can then be used in the further design of composite components.
CONCLUSIONS
Multilayer, integrally woven preforms have been produced in Ε-glass and polyester yarns. The effects of the manufacturing parameters on fibre architecture have been examined. From the manufacturing parameters investigated, i.e., yarn tension, compaction pressure and binder configuration, certain preferences for improved macromechanical performances are clearly observed. As weft tension increases for a given warp tension, considerable warp crimping occurs which leads to resin-rich areas and this increases the heterogeneity in the microstructure. Warp tension was not controlled in this study. The staggered and offset nature of the C binder configuration is suspected to be responsible for reduced resin-rich areas and is clearly the preferred binder configuration choice. Compaction pressures for the fibres investigated (glass and polyester) affected yarn distortion up to 60 psi (0.4 MPa); pressures greater than this showed minimal distortion.
Tensile and compressive strength measurements performed on the modelled preforms showed that weft properties were superior to those in the warp direction. These results can be explained by the results of the modelling which had shown (Figure 17 ) a higher proportion of fibres in the weft direction.
3-D computer modelling of these preforms was implemented and physical data such as fibre volume fraction was extracted for micro/macro mechanical modelling. It is hoped that this digitised mode of analysis will be used in optimising woven preforms for high quality, structurally sound composite structures.
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